Abstract-We discuss the possibility of achieving tunable split ring resonators at microwave frequencies. One method is to use varying capacitance values to tune the magnetic resonance frequency. As another method ferroelectric thin films can be employed to obtain active response from the split ring resonators. We report the experimental measurements that are performed for single split ring resonators at microwave frequencies.
I. INTRODUCTION
Split ring resonator (SRR) structures are commonly used in left-handed metamaterial studies, since they provide negative values of magnetic permeability near the magnetic resonance frequency. SRR structure consists of two concentric rings separated by a gap, both having splits oriented at opposite sides with respect to each other. Magnetic resonance is induced by the splits at the rings and by the gap between the inner and outer rings. Resonance frequency is determined the total capacitance and the inductance of the resonator system. Thus, it is possible to tune the magnetic resonance frequency (ω m ) of SRRs by changing the capacitance of the system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
II. CAPACITOR-LOADED SPLIT-RING RESONATORS
SRRs can be modelled as LC circuits where the inductance arises from the rings. Total capacitance of the SRR system has mainly two contributions. The first one is the capacitance at the split regions and the second contribution is from the gap between the concentric rings. These capacitances together with the inductances from the rings, determine the ω m of the resonator structure. Changing the capacitance and inductance values results in a change in ω m of SRRs, as expected from an LC circuit [8] .
Split-ring resonator structures are built from nonmagnetic concentric copper rings with splits oriented at the opposite sides. Figure 1(a) shows a schematic drawing of a single SRR. The structural parameters, as provided in Fig. 1(a) , are d=t=0.2 mm, w=0.9 mm and R=3.6 mm [16] . Planar SRR array is fabricated on FR4 printed circuit boards and unit cells of SRRs are extracted from the array. Surface mount capacitors with various capacitance values are placed at three different capacitive regions of SRRs. Namely, (i) the gap region between inner and outer rings, (ii) outer ring's split region and (iii) inner ring's split region. The photographs of the SRRs loaded with capacitors are given in the insets of The resonance behaviour could be observed from the frequency response of single SRR. Two monopole antennas are used to transmit and detect the EM waves through the single SRR unit cell. The monopole antenna was constructed by removing the shield around one end of a microwave coaxial cable. The exposed center conductor which also acted as the transmitter and receiver was on the order of λ/2, arranged to work at the frequency range covering the ω m of the SRR structures. 
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A single SRR is placed between the monopole antennas as shown in Fig. 1(b) . The distance between the monopole and SRR unit cell is 6 mm. Monopole antennas are then connected to the HP-8510C network analyzer to measure the transmission coefficients. First we measured the transmission spectra in free space (i.e. without SRR unit cell) which is used as the calibration data for the network analyzer. Then, SRR unit cell was inserted between the monopole antennas, and we performed the transmission measurements by maintaining distance between the transmitter and receiver monopole antennas fixed.
We mounted capacitors at three different capacitive regions of SRRs' namely, outer split, inner split and the gap between the rings [16] . The results are provided in Fig. 3 . It is worth mentioning at this point that by loading capacitor at the split region of the outer ring with a value of C=2.2 pF, we managed to obtain ω m at 0.99 GHz. To our knowledge, this is the highest reduction of resonance frequency of SRR. The diameter of the SRR structure is 7.2 mm and the free-space wavelength at 0.99 GHz is 303 mm. Therefore magnetic resonance is achieved by using a subwavelength structure with a size of λ/42.
III. FERROELECTRIC THIN FILMS AS SRR SUBSTRATES
Ferroelectricity is the property of certain non-conducting crystals, or dielectrics, that show spontaneous electric polarization. This can be reversed in direction by the applying an electric field. Ferroelectric materials undergo a structural phase transition over a range of temperatures. The temperature at which this transition occurs is known as the Curie temperature, T c . Below the Curie temperature the material exists in the ferroelectric (polar) phase and above the Curie temperature it is in the paraelectric state
The effect of spontaneous electrical polarization under an applied electrical field results in a rapid change of the material's dielectric permittivity (ε'). Dielectric permittivity of ferroelectric materials does also change with the change in temperature.
In this study we used ferroelectric thin films to tune the magnetic resonance frequency of SRRs. Ferroelectric thin films are usually >1 µm thick films deposited on a substrate. Ferroelectric thin films vary in operation temperatures and types ferroelectric materials used. Operation temperatures of ferroelectric thin films have a wide range. But most of the ferroelectric thin films operate below room temperature. Barium strontium titanate (BSTO) is a promising material for microwave applications. To obtain the optimum performance of such devices it is critical to maximize the dielectric tunability (n), i.e., the ratio of the permittivity at zero electric field to the permittivity at a defined field, and to minimize the dielectric loss (tan δ) in the device's operational frequency range. Curie temperature (T C ) and tunability of BSTO films is a strong function of Ba/Sr ratio. The tunability is achieved by varying the dielectric permittivity of ferroelectric thin film with the temperature. The ferroelectric thin film that we use in the experiment is a 1 µm thick BSTO film deposited on a 0.5 mm alumina substrate. We have stacked ferroelectric thin film with the SRR structure. SRR structure is composed of a 1.6 mm PCB dielectric board and 30 µm copper SRR layer. Ferroelectric thin film is in contact with the copper SRR layer.
We have increased the temperature of the sample and measured the transmission through the sample. The magnetic resonance frequency has been shifted to lower frequencies with increasing temperature as seen in Fig. 4 . We have achieved a 0.22 GHz tuning range, between 2.83-3.05 GHz. At room temperature measured resonance frequency was 3.05 GHz. We have heated the sample up to 115 o C and at that temperature the resonance frequency is 2.83 GHz.
The tunability is achieved by varying the dielectric permittivity of ferroelectric thin film with the temperature. The next step is to deposit SRR structures on ferroelectric thin films and achieve tunability by applying voltage.
IV. CONCLUSIONS
To summarize, we have experimentally demonstrated the possibility of tunable split-ring resonators at microwave frequencies by using two methods: 1-Using loaded capacitors to change the magnetic resonance frequency of SRRs, 2-Depositing SRR on ferroelectric thin films.
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